Specific Ca2+ binding and Ca2+ activation of ATPase activity in scallop myosin require a regulatory light chain (RLC) from regulated (molluscan or vertebrate smooth) myosin; hybrids containing vertebrate skeletal RLCs do not bind Ca2+ and their ATPase activity is inhibited. Chimeras between scallop and chicken skeletal RLCs restore Ca2+ sensitivity to RLC-free myosin provided that residues 81-117 are derived from scallop. Six mutants (R90M, A94K, D98P, N1O5K, M116Q, and G117C) were generated by replacing amino acids of the scallop RLC with the corresponding skeletal RLC residues in positions conserved in either regulated or nonregulated myosins. Ca2+ binding was abolished by a G117C and a G117A mutation; however, these mutants have a decreased affinity for the heavy chain. None of the other mutations affected RLC function. Replacement of the respective cysteine with glycine in the skeletal RLC has markedly changed the regulatory properties of the molecule. The single cysteine to glycine mutation conferred to this light chain the ability to restore Ca2 binding and regulated ATPase activity, although Ca2+ activation of the actin-activated ATPase was lower than with scallop RLC. The presence of amino acids other than glycine at this position in vertebrate skeletal myosin RLCs may explain why these are not fully functional in the scallop system. The results are in agreement with x-ray crystallography data showing the central role ofG117 in stabilizing the Ca2+-binding site of scallop myosin.
Conventional myosins consist of two heavy chains (HCs), two essential light chains (ELCs), and two regulatory light chains (RLCs). The ATPase active center and the actinbinding sites are formed by the HCs, while myosin-linked regulation depends on the LCs (reviewed in refs. 1 and 2). Based on their amino acid sequence and tertiary structure myosin LCs belong to the calmodulin/troponin C family consisting of four helix-loop-helix domains joined with linkers (3) (4) (5) .
Contraction of molluscan muscles is triggered by direct binding of calcium to myosin (6) . Molluscan myosins contain a specific, high-affinity Ca2+-binding site and require Ca2+ for their actin-activated ATPase activity (7), movement (8) , and tension generation (9) . None of the myosin subunits binds Ca2+ alone, but studies on hybrids formed between LCs of different origin and the scallop myosin HC have made it possible to elucidate the role each LC plays in Ca2+ regulation. For a hybrid to bind Ca2+, the source of ELC must be a Ca2+-binding (i.e., molluscan) myosin (10, 11) , indicating the primary importance of this subunit in forming the binding site. RLCs can be easily and reversibly detached from the scallop myosin without denaturing the HC (12) . The RLC has multiple roles in Ca2+-dependent functions: it supports Ca2+ binding by interacting with the ELC to maintain the proper conformation of the specific Ca2+-binding site, it inhibits ATPase activity in the absence of Ca2+, and it regulates filament assembly (13) . Only RLCs derived from regulated myosins (vertebrate smooth or molluscan) are fully functional in the scallop system; skeletal myosin RLCs retain inhibitory function (14) , but they are unable to support Ca2+ binding (15) . Mutations that abolish inhibitory activity but do not interfere with Ca2+ binding also show that these two functions can be separated and involve different regions of the RLC. For suppression of ATPase activity, the presence of the C-terminal H helix (16, 17) and-at least in the case of scallop and skeletal RLCs-the intactness of the N-terminal divalent cation-binding site are required (16, 18) . From studies on chimeras between smooth and skeletal muscle RLCs, Rowe and Kendrick-Jones (19) have deduced that domain 3 is indispensable for the regulatory function, most likely by maintaining the specific Ca2+-binding site. Chimera studies also show that the C-terminal half of the RLC is responsible for the phosphorylation-dependent motor function of gizzard myosin (20) . The crystal structure of the regulatory domain (a proteolytic product consisting of an ""10-kDa HC fragment and the two LCs) of scallop myosin has established that the only region of the RLC that interacts directly with the ELC is the end of helix F with adjacent linker (residues 115-119) (3). The key residue in this interaction is G117 of the RLC, which is conserved in molluscan myosins. In this paper, we show that in the case of the scallop RLC it is also domain 3 with the adjacent linkers that is specifically required for both regulation and calcium binding. We also explore the role of G117 in regulatory functions. (27) using Pfu polymerase (Stratagene) . LC chimeras were constructed by a modification of the method described above. In the first PCR (i.e., generation of the megaprimer), the template was the cDNA ofthe RLC that was to be the N-terminal component of the chimera, and the 3' mutagenic primer (usually 40 nucleotides long) was designed to bridge the junction between the two parts of the chimera. In the second PCR, cDNA of the C-terminal component of the chimera served as template, with the gelpurified product of the first PCR as 5' primer. The (Fig. 1) .
MATERIALS AND METHODS
Chimeric and control RLCs were expressed in E. coli, purified, and added to desensitized (i.e., native RLC-free) scallop myosin as described. The extent of RLC rebinding (RLC/ELC ratio) as followed by urea gel electrophoresis and results ofthe functional assays (specific Ca2+ binding and Ca2+ sensitivity of actin-activated ATPase) are shown in Table 1 (Fig. 2) . Besides being conserved, the selected residues are also characteristic for the given group-that is, they never occur in that particular position in the other one.
Five of the six mutations-R90M, A94K, E98P, N1OSK, and M116Q-had no detectable effect on the HC binding or regulatory properties ofthe scallop RLC (Table 1) . However, substitution of G117 with either cysteine or alanine drastically altered the RLC's interaction with the HC-ELC complex. Both mutants have a decreased affinity for the desensitized myosin (RLC/ELC = 0.2 and 0.32, respectively) and the partially reconstituted myosin shows neither Ca2+-sensitive ATPase activity nor specific Ca2+ binding. Analytical gel filtration on a Superdex 200 FPLC column (Pharmacia) and circular dichroism spectra (data not shown) indicate that replacement of G117 did not interfere with the proper overall folding of the molecule.
A Gain-of-Function Mutation in the Skeletal RLC. C126 of the chicken skeletal myosin RLC, which corresponds to G117 of scallop RLC, was substituted with glycine. This glycine is strictly conserved among molluscan and vertebrate smooth muscle myosin RLCs and, as shown above, plays an important role in Ca2+ regulation of ATPase activity. The neighboring Q125 was also substituted with its scallop counterpart, methionine, and a double mutant was also constructed.
The mutant chicken RLCs bind well to the scallop HC-ELC complex (Table 1 and Fig. 3 ). The Q125M mutant is indistinguishable from the wild-type skeletal RLC, as indicated by inhibition of the actin-activated ATPase of the hybrid myosin regardless of the Ca2+ concentration and by the lack of specific Ca2+ binding. Those mutants in which C126 is replaced by glycine, either alone or together with the (3) . Residues whose mutations are described in this paper are underlined. Boldface characters represent residues conserved in all RLC sequences. Italicized residues are group specific-i.e., they are conserved either among regulated myosins (molluscan and vertebrate smooth muscle) or among nonregulated ones (vertebrate skeletal and cardiac) and never occur in the other group. Arrowhead shows the junction in smooth/skeletal RLC chimeras constructed by Rowe and Kendrick-Jones (19) and by Trybus and Chatman (20) . The following RLC sequences were included in the comparison: A. irradians, striated (34); Patinopectin yessoensis, striated (37); Chlamys nippoensis, striated (37); Pecten maximus, striated (22) Q125M substitution, behave more like scallop RLC: the ATPase activity of the hybrid molecules is activated by Ca2+ and the specific Ca2+ binding is fully restored. At 250C, the ATPase activity is only -1/5th that of the native scallop myosin; at 100C, however, the activity of the hybrid is -60%o that of the control. These data indicate that G117 of scallop RLC is the key residue in determining the functional difference between RLCs from regulated and nonregulated myosins.
DISCUSSION
Molluscan myosins contain a unique Ca2+ switch. Biochemical studies have indicated (10, 11) and the crystal structure of the regulatory domain from scallop striated myosin (3) has directly shown that although the triggering Ca2+ is liganded by the ELC only, all three subunits-HC, RLC, and ELC- are necessary to maintain the structural integrity of the binding site and to form a functional regulatory mechanism. In the present study, we have used mutant RLCs to identify regions of the molecule required for this mechanism to operate.
Of the 13 mutant RLCs tested, 10 bound well to the desensitized myosin, while 3 (chimera sc1,2ch3,4, scallop RLC G117C and G117A) showed markedly decreased affinity for the HC-ELC complex. It seems likely that a side chain at the beginning of the linker between domains 3 and 4 (C126 in chicken skeletal RLC vs. G117 in scallop) interferes with the binding sterically (see below). Native skeletal RLC binds well to the scallop HC, but in the absence of structural information one cannot tell how other interactions or differences in conformation compensate for the affinity weakening effect of C126.
Although it does not prevent stoichiometric rebinding, the C-terminal half of the skeletal LC also decreases the affinity of smooth/skeletal RLC chimeras for desensitized scallop myofibrils (19) . In general, the affinity of the scallop RLC is lower than that of any of the heterologous RLCs tested, the order of affinities being gizzard > skeletal > scallop (15, 52) . The relatively low affinity of the scallop RLC, which made scallop myosin so useful in studying RLC functions, may be the reason why the system cannot tolerate further destabilization caused by a G117 mutation, while the smooth/skeletal chimera is still able to bind. The exact position ofthejunction between the two RLC halves following the numbering of the scallop sequence; Figs. 1 and 2 ] may also affect affinity by changing the relative orientation of domains 1-2 to 3-4 and thereby to the HC. It is also possible that RLCs bind to the HC in alternative arrangements as proposed by KendrickJones and Scholey (1) .
By swapping domains between a nonfunctional (chicken skeletal) and the functional scallop striated muscle RLC, we have been able to prove that residues in domain 3 and adjacent linkers are both responsible and sufficient for the ability ofthe scallop RLC to restore specific Ca2+ binding and to confer Ca2+ sensitivity to the ATPase activity. A similar conclusion was drawn from earlier studies with vertebrate smooth and skeletal RLC chimeras (19) .
Based on sequence comparisons we mutated six residues in domain 3 and the adjacent linker. Five of these (R90, A94, E98, N105, and M116) could be replaced with the corresponding residue from chicken skeletal RLC without any functional consequence, at least within the sensitivity limits of our assays. The crystal structure of the scallop regulatory domain suggests that the side chains of the amino acids introduced by mutations at positions 90, 94, 98, and 105 are solvent exposed (A. Houdusse, X. Xie, and C. Cohen, personal communication). M116 forms a main-chain hydrogen bond with the HC, thus contributing to stabilization ofthe Ca2+-binding site, but its side chain is involved only in van der Waals interactions (3), explaining why the protein tolerates a mutation there. It is, of course, possible that the residues that are conserved in domain 3 of the skeletal RLC (see Fig. 2 ) participate in specific interactions in that system. Mutant scallop RLCs in which G117 has been replaced with alanine or cysteine have lost their ability to restore the specific Ca2+-binding site when added to desensitized myosin. Their affinity for the HC-ELC complex is also greatly decreased, as mentioned above.
The most convincing evidence supporting the key role of G117 in regulation is the fact that substituting glycine for the corresponding cysteine residue in the chicken skeletal RLC converts the molecule into a functional one in the scallop system. The hybrid myosin containing it shows specific Ca2+ binding and its ATPase activity is activated by Ca2+, albeit not as much as that of the native myosin. At 10'C the Biochemistry: Jancso and Szent-Gy6rgyi 8766 Biochemistry: Jancso and Szent-Gyorgyi difference in ATPase activities between the control and the hybrid is smaller than at 250C (40% vs. 80%o)-at this point the cause of this phenomenon is unclear.
We note that glycine is very strongly conserved among the members of the calmodulin/EF hand family in the position corresponding to residue 117 of scallop RLC-i.e., at the beginning of the linker between domains 3 and 4 (residue 113 in calmodulin) (53) . To our knowledge, the only indication of the functional importance of G113 has been that a G113V mutation in yeast calmodulin makes the phenotypic effect of a mutation in the myo2 (a calmodulin-binding nonconventional myosin) gene more severe (54) . In the calmodulin/ myosin LC kinase target peptide complex there is no interaction between G113 and the peptide, and the conformation of this glycine is also different from that of G117 of scallop RLC (55, 56) .
In the crystal of scallop regulatory domain, G117 of the RLC is the predominant residue interacting directly with the ELC. It is in close contact with G23 of the ELC, which directly ligands Ca2+ via its carbonyl oxygen. It also forms main-chain hydrogen bonds to F20 and R24 (3) . At position 117, the structure could not accommodate any side chain without compensatory conformational changes. Nearby residues of both the RLC and the ELC are contacting the HC also, contributing to stabilization of the Ca2+-binding site and possibly transmitting the effects of Ca2+ binding to the ATPase center.
We conclude that the primary role of G117 is in stabilization of the triggering Ca2+-binding site. The mechanism by which Ca2+ binding by the ELC relieves inhibition of the RLC on the ATPase activity, mobility, or tension generation remains to be established. Ca2+ binding may directly induce conformational changes in the RLC, altering its interaction with the HC. Alternatively, the consequences of Ca2+ binding may be mediated via the HC. Further structural information together with molecular biology may provide the answer.
